I. INTRODUCTION
Since the late 1980s, electric utility companies have invested a substantial effort toward controlled triggering of lightning using lasers. This research is motivated by the potential returns of future applications of such a technique as the companies strive to offer extremely reliable power delivery. The goal ultimately is to divert lightning away from strategic power installations in order to prevent costly power failures. This active lightning rod technique would, of course, also be a unique test bed for high-voltage equipment and for novel protection schemes under real lightning conditions. At this time, such tests can only be performed using rocket-pulled wires attached to the testing platform. 1 There are, however, serious limitations with this technique, such as low efficiency, stray rockets and wires falling back on nearby equipment and property.
Many groups have studied concepts involving the use of lasers to trigger lightning. It is interesting to note that the first ideas were published in the early 1970s. 2, 3 During the last 10 years, Japanese researchers have been engaged in an impressive program with long-pulse CO 2 lasers. [4] [5] [6] Due to ionization caused by the optically induced electron avalanche breakdown mechanism, such lasers produce a discontinuous chain of high-density plasma beads rather than a continuous plasma conductor, and a large amount of laser energy is required to produce a long chain of plasma. Although significant progress has been achieved using such long laser pulses, culminating in an encouraging report of triggering lightning in real conditions with kilo-joule CO 2 laser pulses, 6 such laser systems do not appear to offer a plausible development path to the compact and portable tool required by the electric utility companies. Japanese researchers have also studied other avenues using long pulse UV lasers. 7, 8 It has also been proposed to use ultra-short pulse lasers, 9 which have the considerable advantage of producing long continuous channels through laser field ͑multiphoton͒ ionization with pulses of relatively low energy delivered by compact systems.
Since 1997 our group has undertaken a feasibility study of the controlled triggering of lightning using ultra-short pulse lasers. It is important to be able to carry on such a work in a large ͑gaps of meters͒ high-voltage laboratory to study leader propagation. As is well known, [10] [11] [12] [13] [14] [15] [16] a lightning discharge is based on the propagation of a precursor, called the leader, which is a high electrical conductivity channel. The head of the leader can in fact be defined by its large gradient of electrical conductivity. In front of the leader head, a multitude of cold, ionized channels called streamers form a leader corona. Streamers are a front of ionization, propagating at considerable distances in front of a leader, that can develop because the electric field is enhanced locally at the tip of the leader, over a finite region. These streamers, each carrying a small current, coalesce into a single stem. In this transition region, the air is Joule heated and its temperature is high enough ͑typically around 2000 K͒ to allow the detachment of electrons from the ubiquitous negative oxygen ions, 11 thus leading to an extension of the leader and allowing its propagation. As the lightning leader propagates toward the ground, it reaches a point where its corona ͑the streamers͒ extends all the way to the ground and makes an electrical contact with it. This is the beginning of the phase termed final jump.
In a first step before doing any work in real lightning conditions, we have undertaken both laboratory and modeling studies to understand the triggering and guiding properties of a laser plasma channel created by an ultra-short laser pulse. We have previously reported on small-scale ͑30-50 cm gap͒ experiments 17 and simulations 18 where the principal mechanism responsible for breakdown is that of streamers ͑not leaders͒ and, more recently, on large-scale experiments ͑3 m gap͒ 19 where streamers develop only over a fraction of the gap so that breakdown requires the development of a leader. We have also reported on our work on the generation of long, stable structures, termed filaments, over distances in excess of 200 m; 20 these filaments are produced by the nonlinear propagation of ultra-short laser pulses in air. We have found that these filaments provide a preferred channel that allows the leader in the final jump phase to be guided and propagate more rapidly. 21 In this article we present a detailed experimental study, done in long gaps ͑3-7 m͒, of the triggering and guiding properties of long laser plasma channels produced by long focal lenses, as well as a numerical modeling of these experiments. This is particularly important, since our models will feed on these results in order to provide the necessary scaling laws that will eventually be used to transfer the laboratory experiments into a viable lightning-triggering scheme in nature.
In the following section, we present the experimental setup. Section III presents the measured characteristics of the laser plasma channel. Section IV gives the experimental results on leader discharges with and without a laser plasma. Section V introduces numerical simulations regarding our experiments. The conclusions are presented in Sec. VI.
II. EXPERIMENTAL SETUP
Experiments of this kind require access to a large and sophisticated high-voltage test facility. The experiments were performed at the Hydro-Québec High-Voltage Laboratory, using a rod-plane configuration, which is typical for the study of long gap spark discharges ͑Fig. 1͒. In our experimental setup, a circular 15-m diameter ground plane electrode, with a central hole for laser beam propagation, is located 3 m above the floor. The top electrode is a 3.7 m rod ͑diameter 6 cm͒ with a 12 cm diameter sphere at its tip, attached at the center of a 5 m diameter electrode. This top electrode is far enough from the gap to have a negligible influence on the electric field distribution. A high-voltage ͑HV͒ generator is used to apply a positive impulse to the rod electrode, with a critical rise time matched to the gap length 10 ͑i.e., 120 sec for a 3 m gap; 270 sec for a 7 m gap͒. The half-decay time of the applied impulse is 1.3 and 2.5 ms for, respectively, a 3 m and a 7 m gap.
The voltage applied to the rod electrode is monitored with a resistive-capacitive voltage divider. The rod electrode contains a resistive current shunt that is used to measure the discharge current. An off-center capacitive probe positioned on the ground electrode records the local electric field. The light emitted during the discharge is imaged onto a Thomson streak camera that produces time-resolved measurements of the progression of the discharge. The images are recorded via a 16-bit charge-coupled device camera ͑CCD͒ located at the back plane of the streak camera.
We use a BMI-Thomson Ti:sapphire laser system ͑ ϭ800 nm, minimum pulse durationϭ60 fsec, maximum energy in the laser pulse after compressionϭ500 mJ͒. An image-relay system enclosed in vacuum (10 Ϫ5 Torr͒ transfers the beam from the laser room to the test site ͑below the ground electrode͒. The beam has an elliptical shape with principal axes of 4.5 and 3.2 cm. We use lenses of various focal lengths ͑4.7 to 8.8 m͒ to focus the laser beam approximately 30-40 cm below the sphere at the tip of the top electrode. The pulse duration is adjusted by changing the relative position between the gratings of the compressor. The pulse duration and shape are measured by means of second and third order auto-correlation. The minimum pulse duration ͑measured by second order auto-correlation͒ that was used in these experiments is around 0.6 to 1 psec corresponding, with our optical arrangement, to the appearance of white light on the surface of the focussing lens ͑threshold of damage on this lens͒. We characterize the laser-plasma created by the lens with a time-gated CCD which allows us to record the transverse plasma emission at various longitudinal ͑axial͒ positions on both sides of the focus. We also use time integrated images obtained with the Thomson camera to obtain a rapid estimation of the length of the laser produced plasma channel.
III. LASER PLASMA CHANNEL CHARACTERISTICS
It is possible to evaluate the plasma parameters in the focal region when the laser beam is focused in air with very short focal lenses; spectral interferometry measures the electron density 22 and emission spectroscopy provides the temperature of the plasma species. 23 In the presence of a plasma created by very long focal lenses such as those that are used in this study, we have not been able to perform these mea- surements because of low electron density and weak emission. Nevertheless, by imaging the transverse plasma emission, we can determine the lateral profile of the laser plasma along the laser axis and measure the maximum axial extension of the plasma on both sides of the focus. We can also use the transverse plasma emission in the focal area to draw an estimation of the electron density in this zone.
With a time-gated CCD camera we record the emission that is produced during a few nanoseconds after the laser pulse, using a filter to block the laser light. In our conditions, this emission is essentially N 2 molecular emission and is directly related to the early electron density distribution produced by multiphoton ionization. Single shot measurements ͑Fig. 2͒ clearly show the presence of filaments in the beam. With the sensitivity of the detection system we are able to see the appearance of filaments at a distance of 6.5 m from the focusing lens ͑2.3 m from the focus͒. This is consistent with a simple evaluation of beam break-up using the B-integral relation (Bϭ2/•͐n 2 •I•dz) where n 2 is the nonlinear index of air and I is the laser intensity. 24 It is usually accepted that for Bу2, the beam starts to break up. This condition is satisfied for the region starting about 2.5 m before the focus. Closer to the focus, a Gaussian background ''spotted'' with filaments appears distinctly. In the focal area the emission is 500 m wide full width, half maximum ͑FWHM͒. Past the focus no filaments are observed. We present in Fig. 3 the maximum value of the emission ͑Gauss-ian profile obtained by accumulating shots and normalizing to the number of shots͒, as a function of the position along the axis. The accumulation of shots precludes recording the individual filaments. The emission starts to be significant about 3 m before the focus, reaches a maximum at the focus and decreases very rapidly past the focus. The maximum plasma extension, taking into account both sides of the focus, seems to be about 3-3.4 m for the lens, laser energy and pulse duration used ( f ϭ8.8 m, Eϭ400 mJ, ϭ2 psec͒.
Taking into account the plasma radius in the focal area and assuming that the main ionization mechanism is optical ionization, we can estimate the radial profile of the laser beam and the maximum laser intensity 18 in the focal zone. With the 8.8 m focal length lens, a laser pulse of 420 mJ and 2 psec duration we obtain a maximum intensity of about 2 ϫ10 13 W/cm 2 . We can estimate the fraction of ionized molecules as well as the initial electronic density which appears to be of the order of 10 16 cm Ϫ3 . It is interesting now to consider the temporal evolution of the electron density and of the negative ions of oxygen which is a specie of most importance for leader propagation. Considering that the measured absorption of energy in the laser channel is only 10%, we can assume that the plasma created is cold. We present in Fig. 4 the calculated temporal evolution of the electron density and of the negative ion density in a cold plasma for three initial values of the electron density; only electron-ion recombination, attachment and ion-ion recombination are considered since they are the dominant mechanisms. After a few hundred nanoseconds the curves for various initial values all merge together, so that the distribution of the density of negative ions will be fairly uniform along the laser plasma channel length, insensitive to the initial electron density along the channel.
Typical images of the plasma obtained with the Thomson camera integrating the plasma light over a large number of successive laser shots are presented in conditions of laser energy and for several focal lengths, illustrating the various lengths of plasma channel that can be obtained.
IV. EXPERIMENTAL RESULTS
We first give a description of the main phenomena taking place during a large-scale spark discharge when no laser is present. This type of discharge will henceforth be termed natural discharge. Then we present the characteristics of the discharge in the presence of the laser plasma channel. Finally we show the guiding properties as a function of the laser energy and of the pulse duration.
A. Development of a natural discharge
In order to understand how the dynamics of a positive discharge are affected by the presence of a laser-produced plasma in the gap, we need to study the reference case. The physical mechanisms of such long positive spark discharges have been studied extensively for many years and they are fairly well understood. [10] [11] [12] [13] [14] [15] [16] For a 3 m gap, we determined the self-breakdown voltage (U 50 ) to be 920 kV. (U 50 is the HV impulse amplitude for which the breakdown probability is 50%.͒ A sample result illustrating the development of a natural positive rodplane discharge, i.e., without laser, is shown in Fig. 6 . A streak record of the discharge ͑a͒, a time-integrated image of the final arc ͑b͒, the leader current trace ͑c͒, and the trace of the voltage applied to the gap ͑d͒ are displayed for a typical shot, along with the gap geometry on the left.
As the voltage is applied to the rod electrode, the electric field near its tip increases until it reaches a critical value at which a seed electron creates an avalanche and a streamer corona is formed ͑time t 1 , Vϳ460 kV in Fig. 6͒ . Because this first corona relies on the presence of a seed electron, there can be significant fluctuations on the time ͑and voltage͒ at which it appears. All the streamers in the corona coalesce at its base into a stem. If it grows sufficiently large, the corona collects enough charge to heat the stem, so that it can develop into a leader.
A dark period ͑time interval t 1 to t 2 ) usually occurs after the first corona inception. During this time, the space charge injected in the gap by the first corona tends to shield the electric field near the tip of the rod and prevents further ionization phenomena to occur. Eventually this space charge decays and the energy stored in the stem in the form of ionization and excitation relaxes into thermal energy. Also, as the voltage applied to the gap increases, the electrostatic conditions allow another corona to develop and a leader starts to propagate. This leader inception occurs at a voltage of about 550 kV ͑at time t 2 ).
The leader, which spans the dark area between the tip of the rod electrode and the bright streamers on the streak record, then propagates at a fairly constant velocity until the streamers generated at its tip reach the ground electrode. Once this occurs, the leader rapidly bridges the final portion of the gap during what is called the final jump. Final breakdown and an arc follow shortly after.
The leader velocity can be simply evaluated from such streak images by the slope of the line dividing the bright and the dark zones at the tip of the leader. Indeed, the streak record is a plot of the distance traveled ͑the vertical scale is the gap length͒ as a function of time ͑the horizontal scale͒. A simple model for the leader velocity,
where I L is the leader current and q L is the charge per unit length of the leader. With the values measured here for the leader velocity and for the leader current, which are respectively v L ϳ10 4 m/sec and I L ϳ0.5 A, one obtains a charge per unit length q L ϳ50 C/m, which is consistent with previously published results.
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B. Development of a laser-triggered discharge
An example illustrating the dynamics of a laser-induced discharge appears in Fig. 7 . We present a streak record, a time-integrated image of the spark and the corresponding HV impulse. For this event, the plasma is produced with a 200 mJ laser pulse and the plasma channel length is ϳ2 m. The laser beam is launched about 20 sec after the start of the voltage impulse, which has a peak amplitude of 830 kV. A much shorter time to breakdown than in the case without laser is recorded here; this is mainly due to a very large effective leader velocity of about 10 5 m/sec, which is ten times that of a natural leader. In this event the leader travels in the gap at the increased velocity up to the point where the final jump takes place, at time t 3 . Note the nearly straight discharge ͓Fig. 7͑b͔͒ clearly demonstrating the guiding effect.
There are striking differences between the guided and the natural discharge. In the guided discharge, there is no statistical delay for the inception of the first corona, as early free electrons are provided by the laser via multiphoton breakdown. Also, there is no ͑or at most a very short͒ dark period, so that the leader inception voltage is much lower ͑ϳ350 kV in this case͒. This indicates that the laser plasma provides a channel that facilitates the initiation of the leader. It is interesting to note that it is possible to lower the U 50 value down to 700 kV ͑depending on the synchronization of the laser pulse relative to the HV pulse͒. By firing the laser earlier, the leader inception voltage can be as low as 250 kV, which corresponds to a reduction of more than 50% of the average normal leader inception voltage ͑without the laser͒ for our experimental conditions.
Another example of a laser-induced discharge, this time only partially guided through the same gap, is shown in Fig.  8 . One can observe that the initial leader is propagating in the path of the laser-produced plasma, at a speed of about 10 5 m/sec. This is followed by a propagation at the usual ''natural'' velocity of about 10 4 m/sec, as the leader leaves the plasma channel, with the consequence that its progress is slowed down significantly.
As the leader propagates in the plasma channel created by the laser, the current measured at the HV rod electrode shows strong fluctuations. We believe that these fluctuations are caused by the spatially nonuniform structure of the plasma along the propagation axis. On average, the current is also stronger ͑about two times͒ than when the leader is not laser guided. By integrating the current waveform, we can measure the leader charge as a function of its length ͑Fig. 9͒. We infer in this case a linear charge density of approximately 10 C/m to sustain the guided propagation of the leader in the plasma channel ͑Fig. 9͒. The lower amount of charge per unit length and the higher average current leads naturally to a higher leader velocity (v L ϭI L /q L )ϳ10 5 m/sec.
C. Guiding properties as a function of the laser energy and pulse duration
The triggering and guiding properties of the plasma channel depend on many parameters such as pulse energy, pulse duration, lens focal length, delay time, wavelength. We present in Fig. 10 the variations of the guided length as a function of the laser energy for a pulse duration of 2 psec. The results are presented for two long focal lengths. We can compare the guiding length results obtained at 400 mJ with the 8.8 m lens, with the values of the plasma extension presented in Sec. III for the same lens at the same energy. There is a very good overall agreement, indicating that the guiding takes place along nearly all the length of the plasma channel which is being created by the focusing system. Figure 10 shows that the longest guiding lengths are obtained, quite naturally, with the longest focal length. We see also that, for a given lens, the guiding length first increases rapidly with energy and then tends to saturate for any further increase of energy. There is an optimum value of energy to be used for a given lens. It is interesting to note that a pulse energy of 60-80 mJ is sufficient to guide a leader over a distance of 1 m.
We present in Fig. 11 the guided length as a function of the pulse duration for a laser energy of 420 mJ. The guided length increases when the pulse duration is reduced. But it appears that if the pulse is too short ͑here 1 psec͒, the beam quality is degraded and the guided length is reduced. The value at 250 psec is obtained without compressing the amplified pulse.
V. MODELING OF THE DEVELOPMENT OF THE DISCHARGES
We have been using a physical model of the positive discharge in long air gaps that has been elaborated by Bondiou and Gallimberti. 12 This model is first applied to the experimental conditions of our natural discharges ͑in absence of the laser͒ and then modified in order to take into account the presence of a laser plasma channel.
The model of the discharge is a self-consistent timedependent model where the input data are only the geometry of the electrodes and the voltage impulse shape. All stages of the development of the discharge are taken into account: formation and propagation of the first corona, inception of the conductive stem at the electrode tip, formation and development of a leader corona from the stem, and propagation of the leader and leader corona system until the final jump preceding the arc. The basic equations for conservation of mass, momentum and energy for each particle species are simplified according to the dominant electrostatic, hydrodynamic or thermodynamic processes involved in each step of the discharge development. The models of the corona and leader phases are coupled with an analytical calculation of the electrical field due to the electrodes, the leader channel and the space charge.
From the equations of conservation of energy, it can be shown that the leader velocity v L is proportional to the current I L entering the leader at its tip: v L ϭI L /q L ͓Eq. ͑1͔͒. The proportionality factor q L represents the average charge which is necessary for a unit length advancement of the leader channel. A simplified expression of q L is where k B is the Boltzmann constant, n is the density of neutral particles of ambient air, T o the ambient air temperature ͑300 K͒, E eff the effective average electric field in the transition region at the leader tip, ⌬Z is the length of the transition region at the leader tip, S is the transition region cross section and T cr is a critical temperature in the transition region whose definition will be given below. The second factor in the expression of q L indicates that the energy transferred to the molecules has to be distributed among the various reservoirs of internal energy. The values f e , f r , f t , f v are the fractions of the energy transferred to the molecules in the form of electronic, rotational, translational and vibrational excitation. The expression ⌬Z/v L • vt represents the fraction of the vibrational energy which is relaxed into thermal energy in the transition region: vt is the vibrational relaxation time and ⌬Z/v L is the equivalent transit time for the leader to cross the transition region. We present in Fig. 12 the results of the simulation of a natural discharge. The numerical simulations are done for a 3 m gap, with the same electrode configuration as in the experiments. The voltage impulse reproduces the one used in the experiments. The time to crest is 125 sec and the time to half-value of the voltage tail is 1500 sec. The corresponding voltage waveform is given on Fig. 12͑a͒ , with the indication of the different characteristic times of the discharge development ͑times t 1 ,t 2 respectively for the first corona and the second corona͒. The time evolution of the discharge is given in Fig. 12͑b͒ on a space-time representation similar to a streak picture. The first and second corona ͑times t 1 and t 2 ) are represented as static triangles considering the high velocity of the coronas with respect to the time scale of the discharge development. Figure 12͑c͒ gives the time evolution of the computed current. Both the time evolution of the discharge and of the current are consistent with the experimental results. The leader velocity is 1.4ϫ10 4 m/sec; the current shows the observed characteristic features: sharp pulses associated with the coronas, low continuous current of 0.5 A associated with the leader propagation. Figure 13 presents a simulation corresponding to the case shown in Fig. 8 with a laser plasma channel of 1.5 m. In order to reproduce the starting conditions in the presence of the laser, we impose in the simulation the inception of the corona leader mechanism at a given time ͑voltage of 380 kV͒ corresponding to the firing of the laser. The plasma channel is taken into account in the simulation by lowering the factor ⍀ of Eq. ͑3͒ over a distance of 1.5 m. A value ⍀ϭ⍀ o /10, where ⍀ o is the value without the laser, gives excellent results. The factor q L associated to the presence of the plasma channel is ϳ10 C/m. Figure 13͑b͒ shows the same features as Fig. 8͑a͒ : the leader velocity in the channel is ϳ10 5 m/sec and 1.4ϫ10 4 m/sec outside the channel; the leader corona extension ͑between the leader tip and the corona head͒ associated to the propagation in the plasma channel is narrower than for the natural propagation; the final jump occurs at a time of ϳ55 sec at a voltage of 750 kV. Figure 13͑c͒ shows that the average leader current is close to 1 A.
We now justify, using simple physical arguments, the lowering of ⍀ due to the laser plasma. The leader propagation is governed by the energy exchange processes which occur at its tip. The transition region at the leader tip has to reach the proper conditions to become a portion of a new leader. Since the leader is essentially a conducting channel which can carry the electrode potential to its tip with little losses, we assume that a critical conductivity cr has to be obtained at some distance ⌬Z away from the leader tip ͑tran-sition region͒, inside the leader, independently of the medium where the leader propagates ͑i.e., with or without a laser plasma͒. As most electrons, created either by the streamers or by the laser pulse, are attached with oxygen molecules when the leader arrives ͑see Fig. 4͒ , the conductivity of the leader is mainly due to electrons detached thermally from the negative ions in front of the leader tip. The temperature T cr in Eq. ͑3͒ can be defined as the temperature when the critical conductivity cr is reached. In the case of propagation in virgin air it has been assumed 11 that the condition of leader advancement corresponds to the complete thermal detachment of negative ions ͑1500-2000 K͒. However, when the density of negative ions increases ͑such as when a laser plasma channel is created͒, it is clear that a smaller temperature T cr is needed to reach the same critical conductivity cr at a distance ⌬Z from the tip, since electrons in excess are available. As a consequence, the factor ⌬TϭT cr ϪT 0 in Eq. ͑3͒ decreases as the negative ion density increases. We find that T cr can vary from 2000 K to ϳ500 K if the negative ion density increases by a factor larger than 10. If the other quantities in Eq. ͑3͒ ͑i.e., E eff , S and ⌬Z) remain relatively constant, one can see that ⌬T and thus ⍀ can decrease by a factor close to 10 in the medium created by the laser where the leader propagates.
VI. CONCLUSIONS
We have shown that a sub-joule ultra-short laser pulse can trigger directly a leader ͑at a reduced voltage compared to the natural case͒ and guide it over large distances ͑3 m͒ at a velocity of 10 5 m/sec ͑a value ten times greater than the natural leader velocity͒. It should be possible to increase further the guided length for a given laser energy by improving the laser beam quality, using reflective optics, reducing the pulse duration and using multi-focus optics. We have used simulation codes to describe the dynamics of the leader discharge. We have shown that we can describe adequately the leader discharge in presence of a laser plasma channel. This opens the way to large-scale simulations. This study is very encouraging for laser-triggered lightning in view of the rapid development of compact short pulse laser systems. More work is obviously needed to test laser-assisted upward leader initiation in presence of a descending leader.
